Jacobi S, Soriano J, Moses E. BDNF and NT-3 increase velocity of activity front propagation in unidimensional hippocampal cultures. J Neurophysiol 104: 2932-2939, 2010. First published July 28, 2010 doi:10.1152/jn.00002.2010. Neurotrophins are known to promote synapse development as well as to regulate the efficacy of mature synapses. We have previously reported that in two-dimensional rat hippocampal cultures, brain-derived neurotrophic factor (BDNF) and neurotrophin-3 significantly increase the number of excitatory input connections. Here we measure the effect of these neurotrophic agents on propagating fronts that arise spontaneously in quasi-one-dimensional rat hippocampal cultures. We observe that chronic treatment with BDNF increased the velocity of the propagation front by about 30%. This change is attributed to an increase in the excitatory input connectivity. We analyze the experiment using the FeinermanGolomb/Ermentrout-Jacobi/Moses-Osan model for the propagation of fronts in a one-dimensional neuronal network with synaptic delay and introduce the synaptic connection probability between adjacent neurons as a new parameter of the model. We conclude that BDNF increases the number of excitatory connections by favoring the probability to form connections between neurons, but without significantly modifying the range of the connections (connectivity footprint).
I N T R O D U C T I O N
Neurotrophins such as brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) play important roles in neural development and survival. In particular, they were shown to play a critical role in controlling axonal and dendritic growth as well as maintenance of synaptic efficacy (Baker et al. 1998; Bartrup et al. 1997; Bolton et al. 2000; Labele and Leclerc 2000; Morfini et al. 1994; Vicario-Abejon et al. 1998) . However, the majority of previously reported effects of the neurotrophins focused on the local changes that they induce in neuron morphology or synaptic connection strength. We have recently shown that in two-dimensional (2D) rat hippocampal cultures, neurotrophins also induce global changes in neural network connectivity (Jacobi et al. 2009 ). In particular, exposure to BDNF increased excitatory input connectivity, but without modifying the inhibitory connectivity, and that resulted in spontaneous activity bursts whose amplitude was insensitive to the blocking of inhibition.
To further assess the relation between neurotrophic effects and neural connectivity, we consider here quasi-one-dimensional (1D) neural cultures, where neural activity propagation is restricted to a single path. One-dimensional neural cultures have emerged in the last years as versatile culturing platforms to investigate the relation between neuronal connectivity, signal propagation, and information coding (Feinerman et al. 2005; Golomb and Ermentrout 1999; Jacobi and Moses 2007; Osan and Ermentrout 2002) . The key feature of 1D cultures is that the velocity of activity fronts depends on neural connectivity and specifically on both the synaptic strength and the number of connections. Therefore the measurement of the propagation velocity under different experimental conditions provides valuable information of the interplay between neural connectivity and neural activity (Feinerman et al. 2005; Golomb and Ermentrout 1999; Jacobi and Moses 2007; Osan and Ermentrout 2002) .
In this work, we combine our previous results regarding the effect of neurotrophins on bursting activity with velocity measurements of propagating fronts in 1D circuits. The results are studied within the framework of the model of Feinerman et al. (2005) , Golomb and Ermentrout (1999) , Jacobi and Moses (2007) , and Osan and Ermentrout (2002) that takes into account the role of synaptic delays in burst propagation, which is extended to include the probability of neural connection. As a result, we deduce an increase in synaptic connectivity that arises from the neurotrophic treatment, as well as the relative roles of changes in synaptic connectivity and axonal length scale.
M E T H O D S

Coverslip preparation
Cultures were grown on cell-adhesive lines patterned onto a repellent background, as follows. After cleaning the glass coverslips (Menzel-Glaser, Braunschweig, Germany) in 20% ammonium hydroxide and 20% hydrogen peroxide in double-distilled water (30 min, 50°C), coverslips were coated with 6 Å of chrome followed by 35 Å of gold, and then immersed for 2 h in a solution of 0.1% octadecanthiol (Sigma-Aldrich, St. Louis, MO) in ethanol. Coverslips were then washed in ethanol, dried with nitrogen, sterilized in UV (20 min), immersed in a solution of 3.5% Pluronics F108 Prill (BASF, Ludwigshafen am Rhein, Germany) in DPBS (Dulbecco's phosphate-buffered saline) for 1 h, and dried again. Then, using an HP 7475A plotter (Hewlett-Packard) in which the pen was replaced by a sharp metal tip, patterns were carved through this coating. The entire coverslip was then immersed overnight at 37°C in a solution of 3.5% Pluronics F108 Prill, laminin, and fibronectin (both 0.0028%; Sigma-Aldrich) in DPBS before being washed twice in DPBS and once in plating medium. The plated neurons adhered to the carved area and were rejected from the rest of the coverslip, thus producing long, narrow cultures of neurons.
Neural cultures
Rat hippocampal neurons from 17-to 19-day-old embryos were used in the experiments. All procedures were approved by the Weiz-mann Institute's Animal Care and Use Committee. Following Segal and Manor (1992) , dissection was carried out in ice-cold L-15 medium enriched with glucose (0.6%) and gentamycin (Sigma-Aldrich). The hippocampus was dissociated by mechanical trituration, and the neurons plated on coverslips in the presence of plating medium, consisting of MEM ϩ 3G [Eagle's MEM with Earle's salts (SigmaAldrich) with glutamax (Gibco-Invitrogen, Carlsbad, CA), 0.6% glucose, and 0.4% gentamycin (Sigma-Aldrich)] supplemented with 5% FCS and 5% HS (both from Gibco). Plating density was 500,000 cells/ml. On day in vitro 4 (DIV 4), the medium was changed to MEM supplemented with 10% HS, 20 g/ml FUDR, and 50 g/ml uridine (all from Sigma-Aldrich) to limit glial growth. Finally, on DIV 7, the medium was changed to MEM supplemented with 10% HS. The latter medium was refreshed every 2-3 days by replacing one third of its volume.
All the experiments were carried out using one-dimensional (1D) cultures with a length of 17 mm and a nominal width of 170 m, following the procedure described in Feinerman et al. (2007 Feinerman et al. ( , 2005 . An example of a 1D culture used in our experiments is shown in Fig. 1A , showing that the actual width of the culture is actually on the order of 200 -250 m, or about 10 typical neuronal cell bodies. In Feinerman et al. (2007 Feinerman et al. ( , 2005 we showed that there are, on average, about 5-10 neurons in the width of the line. We also found that axons almost always follow the direction of the line and extend along it with very little sideways meandering.
The primary condition for unidimensionality is that the size of the synaptic tree of a neuron is of the order of the width of the pattern. This is also discussed in detail in Feinerman et al. (2007 Feinerman et al. ( , 2005 . There, we reported that dendrites extend on average 80 m but can reach sizes of Յ200 m. The synaptic input basin thus reaches a diameter on the order of 100 -200 m, which is comparable to the width of the line, and the probability of an axon to intersect with the dendrites of any neuron along its path is high. Most important, in Jacobi and Moses (2007) we used multielectrode arrays to demonstrate directly that the signal propagates along the culture causally, in an ordered single path along the line, and at a constant uniform speed.
In summary, we showed previously that structurally the culture is quasi-one-dimensional, but functionally it performs as a linear culture, with little or no effect of any transverse recurrent connections.
Neurotrophin treatment
Mature forms of recombinant BDNF and NT-3 (20 ng/ml, Alomone Labs, Jerusalem, Israel) were chronically applied, starting at DIV 8, and refreshed every 3 days, until the day of measurement . Earlier application of the neurotrophins resulted in problems of viability.
Under certain conditions neurotrophins can also enhance cell survival and therefore neuronal density may differ in neurotrophintreated cultures compared with controls. However, cell survival is an issue only during the first days of the culture. At DIV 8 the culture is stable and survival is no more an issue. We verified the similarity in neuronal densities using 2D cultures, where the culturing protocol was practically identical except the neurotrophin treatment, which began in DIV 2-4, even earlier that for the 1D experiments. We use 2D cultures to simplify the gathering of statistics. We measured average densities of ϭ 916 Ϯ 43, 843 Ϯ 54, and 859 Ϯ 41 (SE) neurons/ mm 2 (n ϭ 10, 5, 5) for control, BDNF-, and NT-3-treated cultures, respectively. We can conclude that within our experimental error of about 10% the densities of control and neurotrophin-treated cultures are the same.
Pharmacology and total synaptic strength
Inhibitory GABAergic synapses were blocked with 40 M bicuculline methochloride (Tocris Bioscience, Bristol, UK), N-methyl-Daspartate (NMDA) receptors were blocked by 20 M of 2-amino-5 phosphonovaleric acid (APV; Sigma-Aldrich), and ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors were blocked with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; SigmaAldrich). We also studied the response of neurons to partial blocking of the synapses and used the fraction c of active receptors, given by 1/(1 ϩ [CNQX]/K d ), as a measure of the synaptic efficacy (Jacobi et al. 2009; Soriano et al. 2008) , where [CNQX] is the concentration of the AMPA antagonist and K d ϭ 300 nM is its dissociation constant (Honore et al. 1988) . c varies between 0 (full blocking) and 1 (no blocking). We denote by g s the total synaptic strength that a firing neuron exerts, on average, to a neuron that is connected to it. g s is measured in volts and we showed previously that g s does not change upon treatment with neurotrophins (Jacobi et al. 2009 ). Therefore partial blocking of the AMPA receptors with CNQX reduces the total synaptic strength g s to g s ϭ g s c.
Our analysis depends critically on the assumption that neurotrophin treatment does not change g s . This relies on the fact that in Jacobi et al. (2009) we did not measure the strength of an individual synaptic connection but rather the ensemble strength of the multiple connections formed between two neurons. Since tetrodotoxin (TTX) was not used in Jacobi et al. (2009) to block network activity, we measured the effect of the whole network on a single neuron rather than the miniature excitatory postsynaptic currents (EPSCs) that a single synapse would create. Thus the synaptic currents measured in Jacobi et al. (2009) are those that are created in one neuron by another neuron that is firing.
Measurement of neural activity propagation
Neural activity propagation was monitored by calcium fluorescence imaging after Feinerman et al. (2005) . Briefly, the cultures were first incubated for 1 h in a recording solution [that included (in mM): 128 NaCl, 4 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 HEPES; pH titrated to 7.4 and osmolarity to 320 mOsm with ϳ45 mM sucrose] in the presence of 2 g/ml cell-permeant Fluo4-AM (Molecular Probes/ Invitrogen, Carlsbad, CA), a calcium-sensitive dye. Cultures were then placed in fresh recording solution and imaged on an Axiovert 135TV inverted microscope (Carl Zeiss, Oberkochen, Germany).
The fluorescence signal generated by spontaneous population bursts was measured at 50 Hz with an intensified charge-coupled detector camera (Hamamatsu, Japan) mounted on the microscope. Neural activity, which propagated from an initiation area toward the ends of the culture, was measured in three regions of the culture, at both ends and in the middle, as illustrated in Fig. 1B . Only fronts that reached all three regions were used for analysis and these constituted Ͼ95% of the bursting events observed in the culture. The time it took for the front to arrive in each region was detected by an increase in fluorescence of Ն3SDs from its baseline. The propagation velocity was then calculated from the differences in arrival times (Feinerman et al. 2005 ). The measured propagation velocities typically varied between 30 and 150 mm/s.
We note that the recording solution did not contain the neurotrophins. Thus the measured effects that we report here were long-term and not acute, as previously studied in BDNF (Brunig et al. 2001; Frerking et al. 1998; Kang and Schuman 1995; Kim et al. 1994; Levine et al. 1995; Li et al. 1998; Tanaka et al. 1997) or NT-3 (Kang and Schuman 1995; Kim et al. 1994) .
R E S U L T S
Influence of neurotrophins on propagation velocities and on the response to disinhibition
In 1D cultures, spontaneous activity occurs in bursts that originate in specific regions known as "burst initiation zones" (Feinerman et al. 2005 (Feinerman et al. , 2007 and then propagate as fronts toward both ends of the culture at a constant speed (Jacobi and Moses 2007) . Propagation velocity is determined by the repeated synaptic transmission; the fronts maintain their amplitude and velocity with small fluctuations (Feinerman and Moses 2006) . Here we use the front propagation velocities to quantify the changes in the excitatory and inhibitory connectivities that result from the treatment of neurotrophins. Figure  1A provides an example of the 1D cultures used in our experiments. Examples of fluorescence signal recordings in three different regions of the culture are shown in Fig. 1B .
Propagation velocities were measured as explained in METH-ODS and are presented in Fig. 2A , with a summary given in Table 1 . The untreated control cultures exhibited an average propagation velocity of v 0 ϭ 62 Ϯ 4 mm/s (n ϭ 22 cultures), whereas in BDNF-treated cultures the velocity was significantly higher, v 0 ϭ 106 Ϯ 4 mm/s (n ϭ 23 cultures). For NT-3-treated cultures we measured v 0 ϭ 110 Ϯ 6 mm/s (n ϭ 15 cultures).
Blocking of the inhibitory ␥-aminobutyric acid type A (GABA A ) synapses by application of 40 M bicuculline, leaving the excitatory AMPA synapses and NMDA synapses Cultures were chronically treated with 20 ng/ml brain-derived neurotrophic factor (BDNF, n ϭ 22) or neurotrophin-3 (NT-3, n ϭ 15), compared with controls (n ϭ 23). Propagation velocities were detected using calcium fluorescence imaging, whereas for controls v 0 Ͻ v A Ͻ v AϩN , for neurotrophin-treated cultures all velocities had a similar value within experimental error. Error bars denote SEs. B-D: front propagation distributions for each of the 3 pharmacological conditions (markers), with fits to a Gaussian distribution (lines). The number of propagation events across all the cultures is given in the legend. First, blocking inhibitory GABA synapses increases the mean and reduces the coefficient of variation (CV) of control culture, but not of BDNF-treated cultures. Second, the excitatory contribution of NMDA synapses seems highest for BDNF-treated cultures. Third, when AMPA synapses only remain unblocked (v A ), all neurotrophin treatments as well as the controls seem to converge to a single distribution. AMPA, ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; GABA, ␥-aminobutyric acid; NMDA, N-methyl-D-aspartate.
active, increased the velocity in control cultures from v 0 ϭ 62 Ϯ 4 mm/s to v AϩN ϭ 98 Ϯ 5 mm/s. Since the blocking of the inhibitory GABA A synapses effectively increases the connectivity of control cultures, the recruitment time needed to excite a neuron significantly decreases and the velocity of the front increases. However, in contrast to controls, the velocity v AϩN ϭ 118 Ϯ 8 mm/s in BDNF-treated neurons was insensitive (within our experimental error) to the blocking of inhibition with bicuculline, with practically no difference from the previous value of v 0 ϭ 106 Ϯ 4 mm/s. For NT-3-treated cultures the measured propagation velocities also did not change on blocking of inhibition, yielding v AϩN ϭ 100 Ϯ 3 mm/s (v 0 ϭ 110 Ϯ 6 mm/s without disinhbition).
Further blocking of the NMDA receptors with 20 M APV, which leaves only the AMPA receptors active, induced a decrease of the average velocity in control cultures to v A ϭ 84 Ϯ 4 mm/s. As before, this decrease of the velocity indicates a reduction of the effective connectivity. In contrast, for BDNF-treated cultures the blocking of NMDA synapses did not affect the velocity, providing v A ϭ 108 Ϯ 6 mm/s. In NT-3-treated cells the velocity was also unaffected by NMDA blocking, with v A ϭ 108 Ϯ 8 mm/s. The values of v A for BDNF-and NT-3-treated cultures are very close to the value of the original v 0 in these cultures.
Thus in control cultures, all three receptor types (AMPA, GABA A , and NMDA) contribute to the velocity of propagation (Feinerman et al. 2005) , with AMPA receptors playing the dominant role because their sole contribution is sufficient for activity propagation. This is obviously not the case for BDNFand NT-3-treated cultures.
These results are rather surprising and indicate that after the neurotrophin treatment the AMPA excitatory connectivity alone is sufficiently strong to overcome inhibition, even before blocking with bicuculline. This supports previous results demonstrating the limited effect of disinhibition on spontaneous bursting amplitude of neurotrophin-treated 2D cultures (Jacobi et al. 2009 ). The further lack of sensitivity to the blocking of the NMDA synapses is interesting and suggests that the excitatory AMPA synapses are sufficiently strong to saturate the propagation velocity. This issue is studied in more detail below. Figure 2 , B-D displays the distribution of all the velocities measured for all the different cultures. In Fig. 2A the velocities were first averaged within each of the n ϭ 22, 23, and 15 cultures for control, BDNF-, and NT-3-treated cultures, respectively, and only then averaged to give a final value of the velocities. In contrast, for Fig. 2 , B-D all measurements of the velocities are presented. The fits to a Gaussian are very good, with R Ͼ0.98 for all the fits. Although there is an evident tendency for deviations at the tails of the distributions, the good Gaussian fits indicate that the observed front propagation events are independent from one another. As can be expected from a nonideal statistically random distribution, the values of the fitted mean are close to the averaged values presented in Fig. 2A and in Table 1 , although not identical. The coefficient of variation (CV; ratio of the SD to the mean ) is slightly lower for BDNF-treated cultures, indicating a lower dispersion of the distribution. We have previously shown that a lower CV is associated with a lower importance, or even absence of, the inhibitory connections (Jacobi and Moses 2007) .
Quantifying the increase in excitatory connectivity
We have shown earlier (Fig. 2A) that the propagation velocities measured in treated cultures after disinhibition were higher by about 20% compared with controls. Following Feinerman et al. (2005), we associate this increase with an increment in the excitatory connectivity of the network, which can be experimentally quantified by measuring the propagation velocity as a function of the synaptic coupling between neurons. We used the AMPA antagonist CNQX as a control parameter for the synaptic strength and explored the reduction of velocity as a function of the concentration of CNQX.
In the experiment we completely blocked the GABA A and NMDA receptors to monitor the change in velocity due solely to the action of the AMPA receptors. We next measured the propagation velocity for gradually weaker AMPA transmission and observed that, in general, the reduction in AMPA efficacy was associated with a decrease in velocity. The experiment was terminated when spontaneous activity ceased or when the synaptic connections could no longer propagate the neural activity throughout the culture.
As described in METHODS, we used the fraction c of active AMPA receptors as a measure of the synaptic efficacy between neurons, given by c ϭ 1/(1 ϩ [CNQX]/K d ). The synaptic efficacy takes a value c ϭ 1 for [CNQX] ϭ 0, and rapidly decreases with [CNQX] . Experimentally, c decreases down to a limiting value that corresponds to the maximal concentration [CNQX] max beyond which the fronts do not propagate throughout the culture.
As shown in Fig. 3A , the maximal concentrations observed for control cultures were [CNQX] max ϭ 470 Ϯ 40 nM (n ϭ 23), compared with [CNQX] max ϭ 880 Ϯ 80 nM that were observed for BDNF-treated (n ϭ 20) and [CNQX] max ϭ 650 Ϯ 100 nM for NT-3-treated cultures (n ϭ 13). The average [CNQX] max was 80% higher for BDNF-treated cultures compared with controls (P Ͻ 5 ϫ 10 Ϫ4 ), whereas the values of [CNQX] max for NT-3 cultures were not significantly higher than those for controls.
We also observed in both control and treated cultures a saturation in the propagation velocities at high values of synaptic efficacy (in the range 0.5 Յ c Յ 1), as shown in Fig.  3B . Similar saturation was previously observed in disinhibited neural networks (Feinerman et al. 2005; Golomb and Amitai 1997) . This saturation may be explained by a "synaptic delay," which is the time required for the electric signal to travel along the synapse. This time imposes a maximum, limiting velocity for the propagation of the signal across the network that is given by the typical axonal distance divided by the delay time (Golomb and Ermentrout 1999) . We propose that this maximum velocity is the source of the observed saturation.
The enhanced connectivity of the neurotrophin-treated cultures could originate from an increase either in the synaptic strength g s or in the number of connections. We previously showed that in dense 2D cultures the synaptic strength does not change with neurotrophin treatment (Jacobi et al. 2009 ) and thus we ascribe the gain in connectivity to an increase in the number of connections. To quantify the change in connectivity, we observe that the average number of connections that a neuron establishes can be estimated as the length of its axon times the density of dendrites per unit length, with an added factor that accounts for the probability to form an actual connection. The increased connectivity therefore arises from an increment in the number of neighbors that a neuron connects to, which in turn may come from either a larger axonal length or a higher probability for the axon to connect, or from both. These possibilities are considered in the following.
Modeling the effect of increased excitatory connectivity on front velocities
To discern between an increased connectivity caused by a longer axon or a higher connectivity probability, we considered a continuous version of the model of Golomb and Ermentrout (1999) , which describes the propagation of neural activity over a 1D network with a transmission delay, and carried out a numerical analysis to fit our experimental data. In this model, the excitatory postsynaptic potential (EPSP) is given by
where G(t) ϭ 0 for t Ͻ 0 and 0 ϭ 30 ms and 2 ϭ 4 ms constitute the membrane time constant and the EPSP rise time, respectively (Feinerman et al. 2005) . The total synaptic strength g s ϭ g s c is the total synaptic contribution to the voltage, modified by the fraction c of active AMPA receptors, and with 0 Յ c Յ 1. g s is given in voltage units following Feinerman et al. (2005) and does not describe conductance. As explained in METHODS, we assume that g s does not change significantly on treatment with neurotrophins (Jacobi et al. 2009 ). The constant ϭ 1.36 is chosen so that for [CNQX] ϭ 0 (no blocking, c ϭ 1) the voltage G(t) at its peak values equals g s .
To compare the input connectivity in control and in BDNFtreated cultures, we also introduce the "connectivity footprint" w(x) that accounts for the probability of an axon from an excitatory neuron to connect to a dendrite in its vicinity. We Golomb and Ermentrout (1999) , Jacobi and Moses (2007) , and Osan and Ermentrout (2002) , for the propagation of neural activity along one-dimensional networks with a synaptic delay (see text). Fits of the propagation model to the experimental data yield values for the marked increase in connectivity by a factor of 2.3, and no increase in the footprint length scale. C: graphical representation of the connectivity footprint used to fit the propagation velocity data shown in B. D: the data shown in B as a function of m, the number of inputs that must fire for a neuron to be ignited, and that increases with the CNQX concentration as m ϭ m 0 (1 ϩ [CNQX]/K d ). For the fit we take m 0 ϭ 15. CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; GABA A , ␥-aminobutyric acid type A; APV, 2-amino-5 phosphonovaleric acid. define the neuronal "connection density" as f, where is the cell density per unit length and f is the fraction of excitatory neurons in the culture. Following Feinerman et al. (2005) we take ϭ 0.31 cell/m and f ϭ 0.8. We also define the quantity as the connection probability between adjacent neurons (0 Յ Յ 1). We found that the function w(x) that best described the experimental results was as a combination of a box and exponential footprints (see Fig. 3C ), given by
Here x 0 is the distance beyond which the connectivity falls exponentially. The length scale ϭ 184 m was obtained by fitting the function w(x) to the experimentally measured distribution of axonal lengths reported in Feinerman et al. (2005) .
Thus the number of input connections k E into a neuron that results from this connectivity footprint is given by
To obtain the propagation velocity v, we introduce the threshold voltage V T necessary for the neuron to fire. Again, we assume that V T is insensitive to the action of the neurotrophins (Jacobi et al. 2009 ). To reproduce the experimental saturation of the velocity at high connectivity, we need to introduce a delay time d ϭ 4 ms (Golomb and Ermentrout 1999) , which accounts for the synaptic and axonal transmission delay. The condition for the time of the first spike of a postsynaptic neuron is then written as (Golomb and Ermentrout 1999) 
Substituting w(x) and G(t) we obtain
We now fit the model to the experimentally measured propagation velocity data as a function of the concentration of CNQX (which enters the equation through g s ) as shown in Fig.  3B . To this end, Eq. 1 was solved numerically using both x 0 and V T /g s as free parameters. The quantity m 0 ϭ V T /g s represents the number of presynaptic input neurons that must fire before the postsynaptic neuron can fire. Based on previous results we assume that both V T and g s , and therefore their ratio m 0 , do not change with the BDNF treatment (Bolton et al. 2000; Jacobi et al. For the case of BDNF-treated cultures and to simplify the analysis, we assume that although the axonal length x 0 may vary with the BDNF treatment, the axonal distribution variance is the same for treated and untreated cultures. Thus taking x 0 and V T /g s = as free parameters for the BDNF-treated cultures, we obtained x 0 ϭ (276 Ϯ 29) m and V T /g s = ϭ 6.1 Ϯ 0.7. This result indicates that there is no change in the axonal length on treatment, which justifies the assumption regarding .
The preceding results show that the connectivity probability for BDNF-treated cultures increased as = ϭ 2.3. Direct values for and = cannot be obtained due to the uncertainty in the value of m 0 ϭ V T /g s . Although m 0 is the same for treated and untreated cultures, and on the order of 15 (Feinerman et al. 2005; Golomb and Ermentrout 1999; Jacobi and Moses 2007; Osan and Ermentrout 2002; Soriano et al. 2008 ), its precise value is unknown.
This result provides a direct estimation of the increase in the network's connectivity. From Eq. 3 the increase in the number of excitatory input connections is given by
which results in k E ' ⁄k E ϭ 2.3 Ϯ 0.3 since axonal lengths are similar for treated and untreated cultures. This increase of excitatory connectivity is in agreement with the previously reported twofold increase of excitatory connectivity in 2D BDNF-treated cultures (Bolton et al. 2000; Jacobi et al. 2009 ). The increment in the number of input connections arises predominantly from a higher connectivity probability between neighboring neurons and not from an increase in the range of the connections (connectivity length scale).
The data fits for both control and treated cultures to the model are not sensitive to the precise shape of the connectivity footprint w(x). We tested different shapes and indeed obtained a similar connectivity length scale (data not shown).
D I S C U S S I O N
Effects of neurotrophins on spontaneous activity
Neurotrophin-treated cultures exhibited increased propagation velocities compared with controls. These velocities are similar to those observed in disinhibited control cultures, on the order of 100 mm/s, and did not increase further with disinhibition. The behavior of treated cultures is similar to that previously observed on spontaneous bursting amplitudes in neurotrophin-treated 2D cultures (Jacobi et al. 2009 ). In both cases BDNF treatment appears to considerably increase excitatory connectivity in such a way that the inhibitory network becomes practically irrelevant in governing the activity of the network. Indeed, synfire-chain theory indicates that excitationdominated propagation causes front synchronization in feedforward connected neural networks. However, inhibition can still play a role in determining the amplitude of the activity (Abeles 1991; Diesmann et al. 1999; Gewaltig et al. 2001) .
BDNF and excitatory connectivity
The connectivity increase induced by the neurotrophins was quantified by measuring the propagation velocities due solely to the AMPA synapses and as a function of their relative synaptic efficacy. The velocities saturated for a high relative synaptic efficacy, as previously observed in similar 1D topologies by Feinerman et al. (2005) and Golomb and Amitai (1997) . By extending the model of Golomb and Ermentrout (1999) , we ascribed this saturation to synaptic delay and, in turn, provided a quantification for the increment in excitatory connectivity. We concluded that the number of excitatory connections in BDNF-treated cultures is higher by a factor of two to three compared with controls and that the increase is a consequence of an increment in synaptic connection density. This observation agrees with our previous measurements regarding 2D cultures (Jacobi et al. 2009) . Using a completely different methodology, we showed that BDNF increases the number of excitatory input connections by about 80%. This result is also in agreement with a reported increase in synapse density in excitatory neurons induced by BDNF (Causing et al. 1997; Tyler and Pozzo-Miller 2001) . It is interesting to note that the assessment of the connectivity increase attained here has a relative error higher than the assessment based on the percolation approach reported in Jacobi et al. (2009) , seemingly because of a combined effect of the velocity saturation observed in the data along with the additional fitting parameter required (axonal length scale).
We note that our results seem to disagree with previous studies on the facilitation of inhibitory synaptic transmission by chronic exposure to BDNF. Specifically, Baldelli et al. (2005) and Palizvan et al. (2004) reported that BDNF treatment increases inhibitory postsynaptic current and therefore a reinforcement of the inhibitory circuitry that is not observed in our case.
Saturation of the propagation velocity
Given the smaller relative number of inhibitory connections in treated cultures, it becomes intuitive that additional removal of inhibition has only a minor influence in the dynamics of the network and on the propagation velocity in particular. Specifically, BDNF treatment increases the number of excitatory input connections from k E to k = E Ϸ 2.3k E . To provide an estimation of the number of inhibitory inputs, we use our previous results in 2D cultures that showed that the number of inhibitory input connections remained practically constant on BDNF treatment (Jacobi et al. 2009 ) and obtained k = I Ϸ k I Ϸ 0.5k E . Using these results, we conclude that in the 1D cultures, the number of inhibitory input connections on BDNF treatment is given by k = I Ϸ (0.5/2.3)k = E ϭ 0.22k = E Thus the inhibitory fraction of input connections in the 1D cultures decreased from about 33% in control cultures to about 18% in BDNF-treated cultures.
A quantitative description is provided through the GolombErmentrout model that describes the propagation of activity through the 1D network. This model predicts saturation in velocity for small or nonexistent inhibitory contribution. The presence of saturation in the velocity is apparent in Fig. 3 and was also observed when inhibition was gradually removed in control cultures (data not shown).
Once saturation sets in, the inhibitory network has only a minor contribution to the propagation velocity. In neurotrophin-treated cultures, the net number of inputs without blocking of inhibition is approximately k = Ei ϭ k = E Ϫ k = I Ϸ 2.3k E Ϫ k I Ϸ 1.8k E , a regime of high excitatory connectivity where saturation is to be expected.
Conclusions
In this work we used unidimensional neural cultures to assess the effect of chronic exposure of the neurotrophins BDNF and NT-3 on neural connectivity. We carried out measurements of the velocity of propagating fronts and analyzed them in the framework of the Golomb-Ermentrout model for the propagation of neural activity. Within this model, at high velocities the limiting factor is the synaptic delay, which does not depend on the number of connections. Indeed, since the length of the axons is not changed, the model predicts that the effect of decreased connectivity will be small once the velocity reaches a characteristic saturation velocity of about 110 mm/s, a value obtained from the ratio between the total axonal length (x 0 ϩ Ӎ 460 m) and the recruitment timescale that is dictated by the synaptic delay ( d Ӎ 4 ms).
We found that the excitatory connectivity in treated cultures increased by a factor of about two to three compared with controls, an increment that was associated with a higher AMPA receptor density. As a result, the velocity of propagating fronts in treated cultures was saturated, dominated by the excitatory connectivity, and insensitive to the blocking of inhibition.
